Genetically encoded light-up RNA aptamers afford a valuable platform for developing RNA sensors toward live cell imaging. However, quantitative imaging of intracellular RNAs remains a grand challenge. Here we reported a novel genetically encoded RNA sensor strategy using a plasmid that expresses a splittable fusion of the RNA sensor and the GFP mRNA in an individual transcript using a single promoter system. This splittable fusion design enables synchronous co-expression of the RNA sensor with GFP mRNA while alleviates the interference with correct folding of RNA aptamers due to intramolecular hybridization. This single-promoter system is applied to ratiometric imaging of survivin mRNA in tumor cells. The results reveal that the ratiometric images dynamically correlated with survivin mRNA concentrations and allow quantitative imaging of survivin mRNA in different tumor cells. The RNA sensor strategy may provide a new paradigm for developing a robust imaging platform for quantitative mRNA studies in living cells.
Introduction
"Seeing" the abundance of RNAs as well as their localization and underlying dynamics in living cells is essential for understanding cellular biology, since the behaviours of RNAs drive all sorts of fundamental processes of life.
1,2 RNA-targeting imaging probes, including uorescent protein (GFP)-tagged RNA binding proteins 3, 4 and hybridization probes [5] [6] [7] [8] such as molecular beacons 9 and spherical nucleic acids (SNA)-based nanoares, 10, 11 have signicantly contributed to this area. Nevertheless, quantitative RNA imaging of living cells is still largely unexplored because of the perturbations from different analyte-independent factors such as changes in focuses and laser intensity. Ratiometric imaging corrects these factors by providing built-in self-calibration and has the potential to improve the quantitative measurement of cells. Therefore, development of ratiometric RNA imaging approaches is in high demand for live cell studies.
Genetically encoded RNA sensors, 12,13 based on light-up RNA aptamers, 14 have emerged as a valuable platform for uorescent imaging in living cells. Light-up RNA aptamers, represented by Spinach, 15, 16 Broccoli 17 and Mango, 18 are a class of engineered RNA molecules displaying "turn-on" uorescence upon binding to nonuorescent small-molecule dyes. When integrated with target-specic sequences as the responsive module, light-up RNA aptamers have enabled detection of varying targets including metabolites, 19 proteins 20 and RNAs 21, 22 in varying biological media 20 and even in living cells. 21, 22 We have recently reported a genetically encoded RNA sensor for ratiometric imaging of microRNA via engineering a plasmid with two promoters, which allows stable expression and robust detection of the RNA sensor in living mammalian cells. 23 The design of using two promoters separately expressing the RNA sensor and GFP involves two asynchronous transcription events recruiting RNA polymerases II or III, respectively.
24 Such asynchronism may result in different concentration ratios of the RNA sensor and GFP mRNA at varying times, leading to asynchronous signals for the GFP reference and the RNA sensor. Therefore, this system only calibrates the variations due to transfection efficiency in different cells, but the asynchronism for the RNA sensor and GFP is not precluded, limiting the ability of the RNA sensor for quantitative RNA imaging. Development of a genetically encoded sensor enabling quantitative ratiometric imaging has not been reported.
Because the GFP uorescence is largely dependent upon the abundance of GFP mRNA, 25 we envisioned that a fusion transcript of the RNA sensor with GFP mRNA had the potential to minimize the asynchronism of GFP and the RNA sensor. Motivated by this hypothesis, we develop a novel genetically encoded RNA sensor strategy using a plasmid that expresses a fusion of the RNA sensor and the GFP mRNA in an individual transcript using a single promoter system, as illustrated in Scheme 1A. The sensor is designed to be fused to the 3 0 UTR of GFP mRNA using a two-domain spacer, an mRNA-stabilizing triplex 26 in the upstream domain and a dsRNA Dicer substrate 27 in the downstream. This fusion design enables a synchronous coexpression of the RNA sensor and GFP mRNA, allowing synchronism of the reference GFP uorescence with the RNA sensor. However, this fusion can interfere with the folding of the RNA sensor because of the intracellular hybridization of GFP mRNA with the RNA sensor. To avoid this interference, a dsRNA Dicer substrate is incorporated between the RNA sensor and GFP mRNA, which allows the transcript to be cleaved at the dsRNA site by Dicer enzyme that is ubiquitously present in mammalian cells. 28 Furthermore, the mRNAstabilizing triplex is introduced at the 3 0 terminal of GFP mRNA to avoid fast degradation of GFP mRNA. According to this design, when the plasmid is transfected into mammalian cells, a splittable RNA fusion can be transcribed from a single CMV promoter in the cells, as illustrated in Scheme 1B. In the cytosol, the transcript is cleaved at the dsRNA site, producing two separate RNAs with one for the stabilized GFP mRNA and the other for the RNA sensor. The RNA sensor is incorporated into a tRNA scaffold, which improves stability of the RNA sensor in mammalian cells. 22 On hybridizing with target mRNA, the sensor undergoes a conformational change and recovers the conformation of a light-up aptamer, sulforhodamine B (SR) aptamer. It is recalled that the SR aptamer is capable of lighting up the quenched uo-rescence of a conjugate of SR with dinitroaniline (DN).
23,29
Therefore, the activated uorescence from SR gives an indicator for the expression level of target mRNA. On the other hand, the stabilized GFP mRNA still retains its activity to be translated into GFP, which delivers a green uorescence signal acting as the internal reference for ratiometric imaging. Because the single promoter mediated co-expression of GFP mRNA and the RNA sensor minimizes the asynchronism of GFP uorescence and the signal of the RNA sensor, the ratiometric imaging afforded the possibility for quantitative imaging of mRNA expression. To demonstrate its potential, this novel RNA sensor has been applied to ratiometric imaging of survivin mRNA, a known biomarker over-expressed in different tumors, 30 in living cells. The results revealed that the obtained ratiometric images were dynamically correlated with survivin mRNA concentrations in varying cell lines. Moreover, the results were conrmed by quantication using quantitative reverse transcription PCR (qRT-PCR), implying the promise of the RNA sensor as a robust imaging platform for quantitative mRNA studies in living cells. To our knowledge, there has been no previous study reporting genetically encoded light-up RNA sensors of mRNA imaging in mammalian cells. Hence, our work represents the rst time to engineer genetically encoded lightup RNA sensors for quantitative ratiometric imaging of mRNA in living mammalian cells.
Results and discussion
Single promoter mediated co-expression of RNA aptamers and GFP in living tumor cells A co-expressing RNA sensor with GFP using one plasmid enabled calibrating the variations due to transfection efficiency in different cells. 23 Nevertheless, the asynchronism in the transcription efficiency of two different promoters could lead to varied concentration ratios for the RNA sensor to the GFP reference in different cells due to their heterogeneity. As a matter of fact, we found that the uorescence of the SR aptamer and GFP exhibited obvious differences in their relative intensity in different HeLa cells (Fig. 1A) aer the cells were transfected using a plasmid with two promoters for separate expression of GFP and the SR RNA aptamer. The difference revealed signicant variations of cells in expression of the RNA aptamer and GFP, evidencing the asynchronism in their relative expression levels and thereby in their uorescence signals from Scheme 1 Illustration of plasmid design (A) and the RNA sensor from a splittable fusion transcript with GFP for ratiometric mRNA imaging (B). cell to cell. As the reference uorescence did not vary in correlation with the SR aptamer signal, there was a limitation for the two-promoter system in quantitative imaging of living cells.
Co-expressing the RNA aptamer with GFP in the same transcription event had the potential to minimize the asynchronism in the expression of the RNA aptamer and GFP. Based on the hypothesis, we designed a plasmid with a single promoter that could generate a fusion of the SR aptamer and GFP mRNA in an individual transcript. Surprisingly, aer transfecting the plasmid into HeLa cells for 24 h, we merely observed green uorescence of GFP with no detectable red uorescence for the SR aptamer even in the presence of SR-DN (Fig. 1B) , implying misfolding of the SR RNA aptamer. Considering the close proximity of the GFP mRNA located in the upstream of the fusion transcript to the downstream RNA aptamer, we reasoned that the folding of the RNA aptamer was distorted by the GFP mRNA due to the facilitated intramolecular folding of the fusion transcript.
We then envisioned that splitting of the RNA aptamer from the fusion could alleviate the inference with the folding of the SR aptamer from GFP mRNA. Hence, we re-engineered a new plasmid with a Dicer-cleavage site in the fusion between the RNA aptamer and GFP mRNA (Scheme S1 †). Aer the fusion transcript was expressed in mammalian cells, Dicer enzyme split the fusion at the dsRNA site in the cytosol into the GFP mRNA with a stabilizing triplex tail and the RNA aptamer in a tRNA scaffold. 23 To conrm the success of this design, the total RNA extracts of HeLa cells aer transfection with the plasmid were detected using RT-PCR with gel electrophoresis using three pairs of primers specic to the GFP mRNA, Dicer substrate site and the tRNA-scaffolded RNA aptamer, respectively. The bright gel bands that appeared at 171 bp, 109 bp and 138 bp, respectively, were consistent with the design (Fig. S1 †) . To testify the cleavage of the RNA transcript, qRT-PCR analysis was performed separately for the plasmids with or without the Dicer substrate site. A much lower concentration was found for the RNA transcript with the Dicer substrate site than for that without the site (Fig. S2 †) . This result conrmed the efficient cleavage of the RNA transcript with the Dicer substrate site in cells. Additionally, confocal microscopy images of cells transfected with the plasmid with the Dicer substrate site showed bright red uorescence for the SR aptamer in the presence of SR-DN and green uorescence for GFP (Fig. 1C) . The images indicated successful expression and correct folding of the SR RNA aptamer and GFP reference in the cells. The appearance of red uorescence actually veried our previous hypothesis that the correct conformation of the SR aptamer was distorted by GFP mRNA due to intramolecular folding, considering that cells transfected with the plasmid without the Dicer substrate site did not display the red uorescence of the SR aptamer. Moreover, we observed that the red uorescence signals in different cells changed in a consistent manner with the corresponding green uorescence, indicating the synchronism of the red and the green uorescence signals. Taken together, the results demonstrated the feasibility of co-expressing the correctly folded RNA aptamer with the GFP reference using a single promoter that afforded synchronous uorescence signals in living mammalian cells.
To further testify the synchronism of uorescence signals for the RNA aptamer and GFP, qRT-PCR analysis for the total RNA extracts from cells transfected with a single-promoter plasmid revealed that the relative concentrations of the RNA aptamer were approximate to those of GFP mRNA at different times (Fig. S3 †) . This quantication result supported our design that a single promoter plasmid allowed synchronous expression of the RNA aptamer and GFP mRNA. In addition to the RNA level, we then investigated the uorescence signals for GFP and the RNA aptamer using confocal images. It was observed that the uorescence signals of GFP appeared very bright aer 24 or 48 h transfection, and the intensity decreased slightly aer 60 h transfection (Fig. 2) . Similar time-dependent changes were also found for uorescence signals of the RNA aptamer. This nding suggested that a single promoter plasmid afforded synchronous uorescence intensities for the RNA aptamer and GFP in cells, implying its potential for developing quantitative ratiometric genetically encoded RNA sensors for imaging of living tumor cells.
Single promoter mediated co-expression of the RNA sensor and GFP for quantitative mRNA imaging in living cells
Next, we utilized a single promoter plasmid to develop an RNA sensor for quantitative imaging of mRNA in living cells. It is known that mRNA is critical in regulating cellular polarity, migration and development, and aberrant expression of mRNA is highly implicated in the progression of various diseases including cancer. In this study we chose mRNA survivin 31 as the model target and designed the SR aptamer into an RNA sensor for its detection in living cells (Scheme 1A). The sensor was engineered by fusing a stem-loop motif in response to survivin mRNA in the terminal stem of the SR aptamer in light of our previous design. 23 The presence of target mRNA allowed refolding of the SR-binding loop, activating the uorescence signals that illuminated the expression of survivin.
The as-prepared RNA sensor was rstly examined via in vitro assays using a synthetic DNA template for the RNA sensor with a T7 promoter for in vitro transcription. The sensor was found to display remarkable uorescence activation in response to survivin with an enhancement ratio of 11 in peak intensities (Fig. S4 †) . In addition, we found that the tRNA-scaffolded sensor has comparable performance with its prototype RNA sensor without the tRNA scaffold (Fig. S5 †) . The sensor also exhibited high selectivity to survivin in contrast to other interferents including other RNA sequences, proteins and a lysate of C166 cells, a cell line with negative expression for survivin 32 (Fig. S6 †) . Gel electrophoresis analysis gave further evidence for stable hybridization and uorescence activation of the RNA sensor in response to survivin in the presence of SR-DN (Fig. S7 †) . Moreover, the RNA sensor displayed enhanced uorescence responses to survivin in a dose dependent manner in a concentration range of 1 nM to 5 mM (Fig. S8 †) . The detection limit was estimated to be 0.4 nM according to the 3s rule, suggesting the high sensitivity of the sensor for survivin detection.
On the basis of the preliminary results, we then used the single-promoter plasmid for transfection of living cells for ratiometric imaging of survivin in the cells (Scheme S2 †). Aer transfecting HeLa cells using the plasmid in the presence of SR-DN for 24 h, very bright green uorescence signals from GFP appeared relatively evenly in the nuclei and in the cytosol. Bright red uorescence was also observed in the cytosol of HeLa cells, a cell line with overexpressed survivin, which indicated activated uorescence of the RNA sensor in response to survivin (Fig. 3A) . It was noticed that the uorescence response of the RNA sensor was appreciably weaker than the signals generated using the RNA aptamer obtained in the preliminary experiment (Fig. 2) . This result was ascribed to the low abundance of survivin in HeLa cells, which did not restore the conformation of all RNA aptamers expressed in the cells. Additionally, we observed uorescence signals arising from the RNA aptamer both in the nuclei and in the cytosol, indicating that the tRNA scaffolded RNA aptamer were localized throughout the cells. In contrast, the uorescence of the RNA sensor was only found in the cytosol, which is ascribed to the cytosol localization of target survivin mRNA. To validate the selectivity of the uorescence response, we also performed a control experiment using the survivin-negative cell line C166 (ref. 32) (Fig. 3B) . The dim red uorescence displayed in C166 cells suggested that the uo-rescence of the RNA sensor was specically activated in the presence of survivin. In addition, we also did not observe an enhanced uorescence response in HeLa cells transfected using a single-promoter plasmid with no Dicer-substrate site inserted between the GFP mRNA and the RNA sensor (Fig. S9 †) , conrming the necessity of the Dicer-substrate site for the singlepromoter system.
Next, we explored the RNA sensor for ratiometric imaging of survivin in different cell lines, MDA-MB-435S, HeLa, MCF-7 and MCF-10A (Fig. 4A) . Aer transfecting these cells using the plasmid for 24 h, bright green uorescence signals of GFP were observed in different cells, affording a robust reference for the RNA sensor. By contrast, we observed red uorescence images of varying brightness and ratiometric images of different colors in these cells. MDA-MB-435S cells gave the highest expression level of survivin, whereas MCF-10A cells had the lowest expression, and HeLa cells gave a little higher expression than MCF-7 cells. These results were in good agreement with previous studies, 33, 34 implying that the uorescence responses of the RNA sensor had the potential for quantitative detection of survivin expression. To further demonstrate its ability for quantitative imaging, we performed quantitative determination of survivin expression in these cell lines using qRT-PCR (Fig. 4B) . As anticipated, the average values of the red-to-green uorescence ratio in the regions of interest (ROIs), ten ROIs in each image, dynamically correlated with the relative concentrations of survivin (Fig. S10 †) . Moreover, the values of red-to-green uores-cence ratio were in a linear correlation with the relative concentrations of survivin (Fig. 4C) , giving direct evidence of the potential of the RNA sensor in quantifying mRNA in living cells. The copy numbers of survivin in different cells calculated according to the average values of the red-to-green uorescence ratio in ROIs also highly agreed with those as-determined by qRT-PCR, which further conrmed the ability of the RNA sensor for quantitative imaging of mRNA (Fig. S11 †) .
We further demonstrated the RNA sensor for quantitative imaging of survivin expression in drug-treated HeLa cells. The survivin expression in HeLa was altered by two small molecules of docetaxel and YM155. 35 Docetaxel treatment led to docetaxelinduced cell apoptosis with a concomitant upregulation of survivin, while YM155 was a survivin suppressant. 36 During plasmid transfection, HeLa cells were co-incubated with docetaxel or YM155 of a given dose for 24 h. We observed that red signals from the RNA sensor were brighter in the cells treated using docetaxel but darker in the YM155-treated ones as compared to non-treated cells (Fig. 5A) , indicating changed survivin expression in cells aer drug treatment. Moreover, a higher dose of the upregulating drug resulted in higher red uorescence, while a higher dose of the downregulating drug delivered lower red uorescence. Additionally, the ratiometric images displayed changing colors obviously depending on the doses of docetaxel and YM155 used for HeLa cell treatment. Furthermore, we found the average ratio values in ROIs had a linear relationship with the amount of survivin in the treated cells as determined by qRT-PCR (Fig. 5B  and C) . These results conrmed the ability of the RNA sensor for quantitative imaging of survivin in living cells.
Conclusions
In summary, we have developed a novel genetically encoded RNA sensor strategy based on a single-promoter system that coexpressed an RNA sensor with GFP for quantitative imaging of mRNAs in living tumor cells. We demonstrated that a direct fusion of the SR RNA aptamer with GFP mRNA in an individual transcript using a single promoter distorted the correct folding the RNA aptamer, which failed to show the light-up property in living cells. Splitting of the RNA aptamer from the fusion by incorporating a Dicer substrate site could avoid the misfolding of the RNA aptamer, retaining uorescence for both the RNA aptamer and the GFP reference. To our knowledge, this is the rst time that co-expression of light-up RNA aptamers with uorescent proteins using a single promoter has been realized in mammalian cells. Moreover, we demonstrated that this single-promoter system enabled highly synchronous coexpression of the RNA aptamer and GFP, affording a desirable platform for ratiometric imaging. This system was successfully applied to ratiometric imaging of survivin mRNA in tumor cells. The results revealed that the ratiometric images were dynamically correlated with survivin mRNA concentrations. Moreover, the values of the red-to green uorescence ratio in different cell lines and drug-treated HeLa cells exhibited a linear relationship with the concentration of survivin as determined by qRT-PCR.
Our design may open the possibility for developing a genetically encoded ratiometric imaging platform for quantitative studies of living tumor cells.
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